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Abstract 
High-power laser beam welding in industrial environment often suffers from process induced contamination of laser focusing 
optics. Especially exposed to this contamination is the plane protection glass which is positioned directly above the process to 
protect the expensive lenses from contaminations such as spatter and metal vapor. Locally increased absorption due to con-
tamination leads to a temperature rise in the protection glass and a corresponding change of its optical characteristics. This results 
in a reduced beam quality and a shift of the focus position. Both effects lead to a reduced intensity of radiation on the workpiece 
causing a lower welding penetration depth. 
In this article we present laser beam measurements using laser processing optics with protection glasses of different materials and 
different grades of contamination. Welds in mild steel illustrate the extraordinary advantage of sapphire protection glasses, 
allowing a constant welding depth even when they are strongly contaminated. Welding results, beam caustic measurements and 
an estimation of economic efficiency will be shown. 
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Nomenclature 
D*  Linear coefficient for the power dependent refractive power 
df Focal diameter 
dz Beam diameter at position z 
f Focal length 
M2 Beam quality factor 
P Optical laser power 
z Focal position 
z0 Initial focal position from the workpiece surface 
zR Rayleigh length 
4  Beam divergence  
O  Wavelength 
 
1. Introduction 
Focal shift in laser materials processing optics is a major source of disturbance when using high-power laser 
sources of increased beam quality and strong focusability. In every laser materials processing setup, a fraction of 
laser power is absorbed in the beam forming optics.  
Absorption in light transmitting optics (lenses, protection glasses) creates a temperature profile within the 
component. Thermal distortions on the laser beam from all elements within the whole system are added up. For a 
complete welding optics this would typically be at least five elements, namely a protection glass at the fibre end, a 
collimating lens, a beam splitter for coaxial process observation, a focusing lens/lens system and a second protection 
glass. Within the first seconds of a laser process a thermal lens is created, whose refractive power is dependent on 
the amount of laser power absorbed within the substrate and coating. This is a significant effect especially for 
contaminated optical elements. The temperature dependent expansion of material leads to a change in distance of the 
two refractive surfaces of a lens. This adds to the temperature dependency of the refractive power of the glass. For 
every element in the beam guiding system this effect is like that of a second lens. Accordingly, the refractive power 
of the “cold lens” (1 / f0) and the “lens due to absorption” add up to a resulting, power dependent, focal length of a 
“heated lens” (D* · P) according to [1]. 
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This equation covers axially symmetric effects of thermal lenses, which assume a filmic contamination. On the 
shop floor an inhomogeneous contamination of the optical surfaces is very likely to occur, mainly due to spatter on 
the protection glass. Even barely visible contaminations on the protection glass lead to local maxima in absorption 
and a dominating effect on the laser beam quality and focal position. Small so called “hot spots” are built up and 
lead to a high loss in beam quality. 
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Fig. 1. Cross sections of radial weld seam in a stainless steel tube of d = 150mm welded with 1kW single mode fiber laser at 1.5m/min and a 
focal position set to z0 = 0mm at the beginning. After 5 seconds the welding depth decreased from 4.04mm (left) to 2.30mm (right). 
The resulting effect of a focal shift induced drop in intensity on a weld seam can be seen in Fig. 1. In this case 
neither the focal shift, nor the drop in beam quality was compensated. The optics used suffered from a high grade of 
contamination, so that the intensity drop in a set plane from the optics at z0 = 0mm leads to a strong decrease of 
welding depth from the beginning of the weld seam to its end after some seconds. 
In the past it was shown that laser welding suffered from thermal effects within the beam guiding optics. 
Corresponding studies have evaluated the behavior of welding optics subjected to different levels of power [2, 3].  
The effects of a strong focal shift induced by a contaminated standard protection glass and the corresponding 
drop in intensity in the laser material interaction plane can be overcome by new kinds of glass materials which have 
been proposed to reduce these effects significantly [4]. Optical elements made from sapphire and prepared with an 
optimized coating are calculated to have a better behavior when subjected to strong contamination, mainly due to 
their high thermal conductivity. 
2. Beam caustic measurement 
In order to substantiate these findings, different kinds of the most contaminated element in optics – the protection 
glass – have been chosen and evaluated. Presented are four types of protection glasses, two of which are made of 
fused silica (”standard”) and two of sapphire. Of each material there was one kind unused glass (“new”) and one 
kind covered with spatter from a preceding copper welding process (“contaminated”). 
Beam caustic measurements at different power levels were performed with one glass of each kind. For those 
measurements a high power microspot monitor (PRIMES HP-MSM) was used, which is suitable for measurements 
of laser beams of more than P = 10kW at varying focus diameters. Within this device several planes of the beam 
perpendicular to the beam axis are imaged onto a CCD chip. Intensity values in the x,y,z-space are acquired and 
key-parameters of the beam are calculated according to the norm [5] / engineering standards. 
 In Table 1 the values are given for the cold lens (at P = 640W) and for the “heated” lens (at P = 6400W) when 
using a power which is ten times as high. As can be seen, the rise in M² value and the change in focal position are 
very much depending on the protection glass material and its actual condition. The beam caustics were measured in 
thermal equilibrium for low and high optical power rates, after about 120s of preheating. By comparison between 
those two power levels the power driven focal shift in beam direction (¨z) and the deviation of beam quality (¨M²) 
can be seen. 
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Table 1. Beam parameters measured with HP-MSM-HB. Values are given for P = 640W and for P = 6400W to illustrate the change in beam 
conditions over this range of laser power levels. Deviances calculated between 10% and 100% power level are given in red. 
  Focal shift 
(mm)        
ǻz 
Focus diameter 
(μm)        
dFocus 
Beam quality (N/A)    
M² 
Increase in M²  
(%)             
ǻM² 
Rayleigh-length 
(mm)             
zR 
640W ALL PGs n.a. 200 28.0 n.a. 1.00 
6400 W Cont. standard PGs 1.581 384 55.8 99 1.95 
6400 W New standard PGs 0.210 208 29.8 6 1.07 
6400 W Cont. sapphire PGs 0.575 228 32.6 16 1.18 
6400 W New sapphire PGs 0.246 214 31.0 11 1.10 
 
In many investigations the focal shift is given per 1kW laser power, to give a normalized value. In the table 
above, however, we chose to sum up the whole focal displacement from the cold lens to the actual welding power. 
This accommodates the welding process passing through all the focal positions when starting with a cold optic and 
welding up to the time where thermal equilibrium is reached. 
When using new protection glasses only a slight change of focal position and beam quality are measured when 
raising the laser power from P = 640W to P = 6400W. The shift in focal position is about 4% of a Rayleigh length 
per kilowatt laser power, while the change in M² value is only 2% per kilowatt. This holds for both sapphire and 
standard protection glasses. When a contamination occurs, the advantage of a sapphire glass becomes clear. The 
shift in focal position adds up to 1.6 Rayleigh lengths and the M² value is almost doubled for the two chosen power 
levels when using a standard protection glass. In the case of sapphire, the shift in focal position stays far below 
one Rayleigh length and the M² value only changes by 11%. The sapphire protection glass therefore should be far 
less critical for a welding process. 
3. Welding experiments 
Table 1 showed that not only a focal shift, depending on the kind of protection glass, but also a decrease in beam 
quality occurs. According to 
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both effects result in an enlarged beam diameter at the original focal position (z0). Furthermore, assuming to be in 
a stable deep penetration welding process, the welding depth (s) in steel is almost proportional to laser power per 
focal diameter (s ~ P/df) [6]. 
In the following welding experiments, the initial focal position for all welds was set to 2.5mm below the 
materials surface (z0 = -2.5mm) to generate a defect- and spatter-free welding process. Through this fact, an optics 
dependent enlargement of beam diameter on the workpiece’s surface does occur for an increasing M². At the same 
time a reduction of focus diameter on the surface occurs due to the focal shift.  
Taking both effects mentioned into account, a pure displacement of the focal position towards a smaller focal 
length leads to an increase in welding depth while a beam quality deterioration leads to a decreased welding depth.  
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3.1. Experimental Setup 
For the experiments a Yb:YAG disc laser with a wavelength of 1030nm, a fiber diameter of 200μm and a 
maximum optical output power of 8 kW (cw) was used (TruDisk 8002). Bead on plate welds were done at 
maximum power with a welding speed of 5.0m/min (83mm/s) within 5s in 15mm thick mild steel (S235) samples. 
Afterwards cross-sections in an interval of 15mm were done in the first half of the seams to allow a time based 
resolution of 0.18s for the welding depth measurement. For the second half of the 40cm long welds, cross-sections 
were done in an interval of 30mm (0.36s). 
The processing head was a TRUMPF-BEO-D70 with a magnification of 1 and a focal length of 200mm. The 
protection glasses were anti-reflective coated on both sides and were either made of fused silica or sapphire. In 
addition, half of the protection glasses were previously contaminated by a pulsed copper welding process. A total of 
28 test welds were made with 21 cross-section analyses each. 
 
 
Fig. 2. Protection glass contaminated through a pulsed copper welding process. 
3.2. Results 
Fig. 3 shows the mean values of penetration depths for standard protection glasses. The penetration depths for 
new and contaminated protection glasses (PGs) are clearly different. In case of new protection glasses the mean 
penetration depth increases over the welding time of 5s from 6.5mm to slightly more than 7mm. In contrast, the 
penetration depth in case of the contaminated protection glass increases during the first 0.2 - 0.3 seconds and 
remains approximately constant at about 6.5mm afterwards.  
 
Fig. 3. Welding depths for a 5 second weld with fused silica protection glasses (standard). The depth is shown in blue for new protection glasses 
and in red for contaminated protection glasses. 
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The increase in penetration depth while using clean protection glasses was expected and can be referred to the 
focal shift (¨z). For welds with contaminated protection glasses the effect of focal shift is superimposed by 
deterioration of beam quality (¨M²). Although within those welds there is an even higher focal shift, the 
superposition of both effects results into a constant welding depth of about 6.5mm. 
This shows that examination and active control of the focal position is not sufficient to overcome the negative 
impact of all focal shift effects (¨z + ¨M²) on the welding process. Instead, it is necessary to prevent the change of 
the total beam properties by suitable methods. 
An appropriate method may be the use of sapphire-based protection glasses, which offer advantages over fused 
silica protection glasses by a lower bulk absorption and a thermal conductivity which is about 30 times higher .The 
advantages of sapphire-based protection glasses can also compensate higher costs of the material as a longer service 
life of the glass can be achieved [7]. Welding results using sapphire glasses are shown in Fig. 4 and Fig. 5. 
Fig. 4 shows a comparison between the welding depths of clean protection glasses made of fused silica and 
sapphire. The curves shown here demonstrate that there is no significant effect of the protection glass material on 
the welding process. Although sapphire has a significantly higher thermal conductivity and therefore forms a 
reduced thermal lens, the course of the welding depth is not changed. This suggests that for the given parameters the 
protection glass in a clean condition has a minor significant influence on the total focal shift of the welding optics. 
 
 
Fig. 4. Welding depths for new protection glasses of fused silica (blue) 
and sapphire (red). 
 
Fig. 5. Welding depths for contaminated protection glasses of fused 
silica (blue) and sapphire (red). 
Fig. 5 shows the corresponding welding depths for the contaminated protection glasses. Unlike the constant depth 
for contaminated standard protection glasses, the welding depth for sapphire protection glasses again has the 
characteristic shape and height as of the clean protection glasses. Despite the strong contamination of the sapphire 
protection glass, the glass neither forms a strong additional focal shift (¨z), which would result in a further increase 
of the welding depth, nor a strong deterioration of the beam quality (¨M²). Due to the good thermal conductivity of 
the material a non-homogeneous thermal lens is substantially prevented. 
The results of the beam measurements shown in table 1 were used in another series of experiments to separate the 
influence of the focal shift from the beam quality deterioration on the welding process. For this purpose the initial 
focal position was again set to z0 = -2.5mm and during the welding time a linear optics movement in z-direction 
according to the focal shift induced ǻz values in table 1 was added. By this method the resultant focal position 
relative to the work piece surface during the weld was compensated and remained approximately constant for all 
protection glass materials and conditions. 
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Fig. 6. Welding depths for experiments with corrected focal position at z = -2.5mm. Depth given for new fused silica protection glasses (blue), 
new sapphire protection glasses (red), contaminated fused silica protection glasses (black) and contaminated sapphire glasses (green). 
Fig. 6 shows the resulting welding depths for the experiments with a corrected focal position. The correction 
leads to a constant penetration depth around 6.6mm for both sapphire protection glasses and new standard protection 
glasses. The penetration depth for contaminated standard protection glasses, however, drops down by almost 15% to 
5.7mm due to the almost doubled focal diameter on the material surface induced by the beam quality deterioration. 
4. Conclusion   
Protection glasses are commonly used as the last optical element between the interaction zone and the processing 
head to protect the expensive lenses against spatter and vapor deposition from the welding process. However, the 
presented studies show that the contamination of the protection glass can have a significant influence on the 
resulting welding depth. On the one hand, the focal position shifts towards shorter focal lengths and on the other 
hand a drop in beam quality occurs. Both effects lead to a larger focal diameter on a workpiece surface set at a fixed 
distance from the optics. Novel sapphire protection glasses were successfully used to minimize the influence of 
thermal effects on laser welding. 
With bead on plate welds in mild steel samples it was shown that the thermal effects caused from contaminated 
protection glasses can be significantly reduced by using sapphire glass instead of standard fused silica glass. When 
using protection glasses with a strong copper based contamination the standard protection glasses showed a lower 
welding depth than the corresponding sapphire based protection glasses. Moreover, the contaminated sapphire 
glasses showed a welding depth similar to new protection glasses.   
The evaluation of beam caustic measurements with different glass materials and -states shows that contamination 
induced focal shift and beam quality deterioration are reduced by a factor of seven and eight respectively when 
using a comparable sapphire based protection glass.  
To separate the effect of focal shift from the effect of beam quality decrease, experiments with a controlled 
correction of focal position were performed. The results show that even with an active control of the focus position, 
there is a strong impact of thermal effects from a contaminated standard protection glass on the welding result 
leading to a 15% decreased welding depth, while a sapphire based protection glass is significantly less sensible to 
contaminations and shows the same characteristic welding depth as new protection glasses. 
The shown benefits of sapphire based protection glasses are estimated to allow a leastwise four times longer 
lifetime compared to standard protection glasses, even for strongly spattering processes. The expected drop in 
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sapphire material costs in the next years adds to the reduction of cost savings by fewer machine set-up times so that 
the use of optimized protection glasses should be considered in every high-brightness laser process in industry.  
The presented work was funded by the Federal Ministry of Education and Research (BMBF). The research 
project “BriPro - Brilliant Lasers in Production” is part of the funding initiative MABRILAS. 
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